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(57) Abstract 

A method for the removal and purification of substantially all of tht fluoride ions contained in a solution containing greater than 10 
parts per million (ppm) fluoride ion. a mixture of other anions, silicon in the fonn of a fluorosilicic acid, silicic acid, silicates, or silicon 
tetrafluoride. and optionally also containing complex metal fluorides, to produce an ultrapute hydrofluoric acid, comprising the steps of: (a) 
adjusting the pH of the solution (10) to an alkaline pH to hydrolyze the fluorosilicic acid and any complex metal fluorides; (b) removing the 
fluoride ions and other anions from the solution by passing the solution through an ion exchange resin (90), where the ion exchange resin 
is adapted to adsorb substantially all of the fluoride passed over the ion exchange resin; (c) dispUcing the fluoride ions and other anions 
bound to the ion exchange resin, thereby forming a mixture of anions in an effluent emanating from resin; (d) optionally concentrating the 
effluent at a high pH and then lowering the pH; and (e) distilling (145) the mixUire of anions in the effluent from a sulfuric acid solution 
to generate ultrapure hydrofluoric acid. An apparatus useful for practising the method is also disclosed. 
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SEPARATION AND PURIFiCATIOM OF FLUORIDE 
FROM INDUSTRIAL WASTES 

Background of thB Inyention 
This invention generaHy relates to a process for the removal and purification of ions from solutions, and 
5 in particular, to a method and apparatus of removing fhioride ions from a waste process stream using an anion 
exchange resin, foBowed by distillation, to recover the fluoride ion as an ultrapure hydrofluoric acid. 

Many industrial operations utilize fhioride, often as hydrofluoric acid or as fluoride salts such as ammonium 
ftuoride. For example, semiconductor manufacturers utilize large amounts of hydrofhioric acid, and other fluoride 
compounds, to process silicon wafers. When using hydrofluoric acid (HP), semiconductor manufacturers often require 
10 an ultrapure hydrofluoric acid, defined as hav'mg all metals each below 1 part per billion (ppb), with all anions each 
below 10 ppb, mchiding fluorosilicate anion, and total organic contaminants less than 100 ppb, preferably below 10 
ppb. 

The typical semiconductor manufacturer may produce an average of 10,000 gallons per day of a mixed 
acidic fluoride waste. The production of such vast quantities of fluoride ton waste, however, presents significant 

15 disposal problems. Fhioride wastes are becoming subject to increasingly stringent environmental controls for 
treatment and disposal Most waste water effluent permits limit fluoride wastes to less than 10 ppm. Industry 
must therefore greatly reduce the fhioride content of waste sohitions before the solutions may be introduced into 
the municipal water disposal system. 

The ideal solution to the fhioride waste disposal problem would involve recycling of the fhioride from the 

20 waste and purifying it for reuse in the industrial process. Unfortunately, the current methods of remov'mg fluoride 
from waste streams are not adapted to recycle fluoride wastes to produce the ultrapure HF required by industry. 

The best current technology for removing the fluoride is the use of calchmi salt cakmg system. Calcium 
sulfate, hydroxide, or chloride is reacted with the fhioride waste to form insoluble calcium fluoride which precipitates 
from sohition. The remainder of the waste weter constituents, including emmonia and nitrate, do not react and are 

25 sent to the drain. Drawbacks to this approach include the high amounts of residual fluoride that remain in the 
treated effhient and the large amounts of aqueous sludge that are created. In addition, it is very diff teult for the 
semhumductor manufacturer to recycle the fluoride after this process has been used because caked catehim fhioride 
also contains high amounts of siBcon as silica, which is difficult to separate from fluoride. The presence of sdica 
in raw materials has adverse effects on many semiconductor manufacturing processes. Thus, all of the fluoride from 

30 conventional fhioride caking systems is unusable by semiconductor manufacturers b«ng unavailable for recycle or 
recovery. 

In addition to caking systems, anion exchange resins have been used to remove and concentrate fhioride 
ions from waste waters. Anion exchange resins will absorb all anions present in the waste water, including both 
F (fhioride ion), and f hiorosilicate (SiFe^ ). Anion exchange resins can be stripped of absortied fluoride ions by using 
35 either strongly basic solutions such as sodium or potassium hydroxide, or with strongly acidic solutions such as 
sulfuric acid. The anion exchange resin is typically used to exhaustion, then the fluoride and other anions which have 
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also been absorbed from the waste water are removed by washing the ion exchange resin with strongly alkaline 
sohition or with concentrated sulfuric acid. While this process works for removing fluoride from waste waters, 
sQicon contamination is still a problem, because fluorosilicates also absorb on the strong base resin and are washed 
into the acidic or alkaline strippmg solution. 
5 Moreover, conventional ion exchange followed by distillation does not eliminate the probtem of silicon 

contamination in recycled fhioride wastes. FhiorosiEcates are difficult to separate from the desired HF by means of 
distillation. Fiuorosaicic acid tends to codistil along with hydrofluoric acid, thus increasing the difficulty of distillation 
to ultrapure hydrofluoric acid containing extremely low amounts of contaminating metals and silicon. Furthermore, 
though most impurities can be removed by ultra high efficiency dist'dlation, fluorosiEcic acid (FSA) and its 

10 decompositnn product siicon tetrafluorida are extremely difficult to separate. 

The method chosen to strip the ion exchange column has littia effect on the silicon contamination problem. 
When the resin is stripped with sulfuric acid, all of the absorbed fluorosilicic acid is released into the strlpp'mg 
solution. Some of the fluorosilicic acid will co-distiU with water and hydrogen fluoride. The rest of the fluorosilicic 
acid may decompose to form hydrogen fhioride and volatile silicon tetrafhioride. The silicon teuaf luoride also co* 

15 distills and contaminates the final product either directly as SiF4 or by reacting with the distilled HF to give new 
fluorosilicic acid, HJSif^. When the resin is stripped with strongly basic sohition, several reactions occur. 
Fluorosilicate decomposes in alkalme sohition to form silica and fhioride ions, as shown: 

SiFe' + 4 0H -> SiO, +2H,0 + OF. 
Because the stripping solution is strongly alkaline, the »lica w3i react with the free alkali to form highly sohible 

20 siGcates, SiQ^^\ Thus, fhioride and silicon, in the form of silicates or silica, remain mixed together in the sohition. 
Sulfuric acid is next added to allow distillation of HF. Al of the above reactions are reversed upon acidifuation of 
the sohition, and fhiorosilicate is formed again. There is no net purificatran of the separated fhioride from the sKcon 
contamination. 

Previously disctosed methods for reducing silicon contammation are overly complicated or do not solve the 
25 current problem. German Patent 1,811,178 describes a process for neutralizmg fhiorosBicic acid with ammonia 
followed by filtration to remove silica. The ammonhim fluoride is then precipitated using a metal salt, and anhydrous 
HF prepared using a high temperature decomposition process. U.S. Patent Nos. 4,144,315 and 4,067,957 cover 
similar processes which use alkali metal precipitation of the fluoride f olhiwed by thermal decomposition. 

U.S. Patent No. 4,062,930 describes a method for destructive distillation of fluorosificic acid from 
30 concentrated sulfuric acid, which releases gaseous silicon tetrafluoride byproduct. This does not solve the problem, 
however, because the silicon tetrafluoride is difficult to remove from the purified hydrofluoric acid. Much other 
patent literature in the manufacture of hydrofhioric acid from calcium fluoride exists which note the necessity of 
using low silica calcium fhioride as a raw material. 

One process utilizing ion exchange resins for purification of process solutions of hydrofluoric acid is disclosed 
35 in U.S. Patent No. 4,952,366. A weak base (weak anion) exchange resin is charged by conversion to the hydroxide 
form with a solution of an alkaline material such as ammonia or sodium hydroxide. The resin in rinsed to remove 
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excess alkafi. A solution of very high purity hydrofluoric acid is then passed throuBh the weak base resin. 
Hydrofluoric acid in the form of unionized HF molecules is absorbed on the weakly basic amine ion exchange sites. 
This process contmues until all of the sites are filled with HF. At this point the resin is ready for use. which is the 
ramoval of anionic contaminants from acidic hydrofluoric acW process solutions from the semiconductor industry. 

A strong acid (strong cation) ion exchange resin is used to remove all posithre ions from the waste stream 
and replace them with hydrogen ions. The hydrofluoric acid solution containing only anionic contaminants now 
passes through the treated week base resin. Most anionic contaminants such as metal fluoride complexes are more 
tightly bound to the weak base resin than is HF. The waste stream has its contaminants removed and replaced with 
HF. The cleen sohition of HF is now ready for replenishment and reuse. 

There are some drawbacks to this modified ion exchange purification procedutB. This process works well 
to purify floorideontaining process streams, but does not remove ftooride Ion so cannot be used to concentrate or 
recover fluor'nle from waste water streams. Furthermore, there is no concentratton of the purHled HF solution. 
Consequently the purified sohition is usuaRy more diute than the original process sohition. so concentrated HF from 
another source must be added to regenerate the strength of the process solution. Another problem is that many of 
the metal fhiorides are bound to the resin only sightly more efficiently than the HF. This limits both the total 
amount of HF which can be processed, and the purification which results. Furthermore, there is no removal of 
organic contaminants with this method. Finally, the process is less economical than is desired since the resin must 
first be charged with expensive pure HF; then the HF is lost when ammonia or caustic is used to regenerate the 
weak base resin. Economics are also unfavorable because of the strong acid resin which must be used prior to the 
weak base res'm. 

A further disadvantage to tiiis process for recycling fhioride wastes results from the use of both strong 
acid and weak base ion exchange resins. Many fluoride containing sohitlons used in semiconductor manufacturing 
contain large amounts of ammoniuro fluoride, known as buffered oxide etchant (BOEl. If a strong acid resin Is used 
with BOE. aO of the ammonium fhioride is converted to hydrofluoric ecid. The strong acid resin must be regenerated 
very often at high cost. The ammonia m the BOE is lost during regeneration. Thus the above process is not useful 
with BOE process sohitnns. 

Thus, there exists a need for a process and apparatus which can be used to treat aD of the fhioride waste 
from a semiconductor manufacturing facility to separate substantially al the fluoride from the waste water, and 
recover it as an uttrapure concentrated hydrofluoric acid suitable for reuse. 

Summarv of the Invention 

The present invention is directed toward an efficient and economical method of recycling and purifying 
fluoride ion from fluoride containing wastes. Advantageously, the present invention is reediy adaptable to 
semiconductor manufacturing waste streams, thereby permitting the semiconductor manufacturer to reduce costs, 
while also minimizing the amount of fhioride introduced into the environment. 

In one aspect of the present invention, there is a method for the removal end purification of substantially 
all of the fluoride ions contamed in a sohition containing greater than 10 parts per million (ppm) fluoride ion, a 
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mixture of other anions, silicon containing species in the form of fiuorosilicic acid, silicic acid, silicates, or silicon 
tetrafiuoride, and also containing complex metal fluorides, to produce an ultrapure hydrofluoric acid, by the steps of: 

(a) adjusting the pH of the solution to an alkaline pH to release fluoride ion from the 
fiuorosilicic acid and the complex metal fluorides; 

(b) removbig the fluor'uie bns and other anions from the solutkin by passing the solution 
through an ton exchange resin, where the ion exchange resin is adapted to adsorb substantially all of the 
fluoride passed over the ion exchange resin; 

(c) displacing the fluoride ions and other anions bound to the ion exchange resin, thereby 
forming a mixture of anions in an effluent emanatmg from the resin; 

(d) optionaOy concentrating the effluent in the form of a basic solution and then acidifying it; and 

(e) distiliing the mixture of anions in the effluent from a sulfuric acid sohjtion to generate 
the ultrapure hydrofhioric acid. 

Brief Description of the Drawings 

Figure 1 is a schematic view of the pH adjustment and ion-exchange portions of an apparatus useful to 
practice the method of the present invention. 

Figure 2 is a schematic view of the ion-exchange and distillation portions of an apparatus useful to practice 
the method of the present invention. 

Detailed Description of the Invention 

The present invention provides a method and apparatus for removal and purification of fluoride ions from 
a waste solution to produce ultrapure hydrofluoric acid. 

The following outline of the process sets forth both required and optional steps for practicing the invention. 
A more detailed discussioni with examples, then follows. 
PROCESS OUTUWE: 

Step 1. Adjust the pH of the waste stream containing fluoride and siicon to pH 8-9. This hydrolyses 
fiuorosilicic acid to siBca (SiOa), either dissohred, coloidal, or precipitated, depending on the concentration. If the 
solution is alkaline and silicates are also present, they likewise decompose. 

Step 2. Contact the pH adjusted solution with a Type 2 strong base ton exchange resin which has been 
converted to the hydroxide ( OH) form. The fluoride and other anions preferentially adsorb. Dissolved and colloidal 
silica absorb weakly and tend to pass through the column. 

Step 3. After the strong base ion exchange resin is saturated with fluoride, it must be stripped to remove 
the fluoride. Two options are described: Option A, stripping with potassium hydroxide solution which is the preferred 
embodiment; end Option B, stripping with sulfuric acid. Many other options for regeneration and stripping are 
possible and obvious to those skilled in the art. 

Option A. in one embodiment, a 5% by volume solution of potassium hydroxide is used to simultaneously 
strip the fhioride from the resin and to regenerete the resin to the hydroxide form. 
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Option B. A 10% by volume solution of sulfuric acid is used to strip the fluoride from the resin. After 
the fluoride is stripped, the resin is rinsed to remove the sulfuric acid. The resin is now regenerated to the hydroxide 
form by rinsing with 5% by vohmn sodium or potassium hydroxide. 
Two attemathres are now available. 

5 Step 4. AHemative A. In a preferred embodiment, the potassium hydroxide and potassium fluoride solution 

is neutralized and addffied with sulfuric acid. The aikalinB soluttan may be pra concantrated to any desired extent, 
even to complete dryness, prior to addition of the sulfuric acid. The amount of drying and the ratio of added sulfuric 
acid wi help to control the concentration of the distined HF. If Bttte or no drying is performed, sutfuric acid addition 
wai ghra lower HF concentrations, to a maximum of the azeotropic 35% (by weight) HF concentration. If the alkaline 

10 sohition is concentrated to near dryness, addition of sulfuric acid wi ghre concentrations of HF above the azeotropic 
concentration. In a preferred embodiment, the aDcaSne solution is taken substantially to dryness end greater than 
95% by weight sulfuric acid is added to produce substantially anhydrous HF. 

Step 4. Akemathre B. The sulfuric acid sohition containing hydrofhjoric acid is distilled jfirectly, with or 
without the addition of additional sulfuric acid. This yields less than or equal to the azeotropic 35% HF 

15 concentration. 

Step 5. The sulfuric acU solution from Step 4. Alternative A or B. is distilled. The resulting sohition of 
HF wiH be ultrapure but contain greatw or lesser amounts of water, depending on the exact pretreatraent as outGned 
in Step 4, Alternatives A and B. The distiatnn is to be carried out in a column with more than 10 tiieoretical 
plates to ensure separation of the ultrapure HF from trace amounts of impurities and voiatUe acids such as nitric, 

20 acetic, and hydrochloric acid. 

The distillation cohimn is desqned for compatbity with concentrated HF and other acids, for the desired 
throughput of purified acid, and for the desired degree of separation and purification from its contanrinants. 

The output of ultrapure HF wiB have a concentration determined by the sum of the Steps 4 and 5. The 
HF concentration will generally be in the range of 30-100 %, most preferably in the range of 49-100%. 
25 DETAILED DISCUSSION : 

The first step of the process comprises adjusting the pH of the waste solution to an alkaBne pH. 
Advantageously, this pH adjustnient wHI cause any fluorosiUcic acid end complex metal fluorides to hydrolyze. thereby 
releasmg the fluoride ion. The next step of the method is to remove the fluoride ions and other anions of the weste 
sohition with a strong base ion exchange resin which will adsorb fluoride ions and other ions that come in contact 
30 with it. Next the resin is washed with a strong non-volatile acid or base to remove the anions, to form an aqueous 
mixture of anions. This mhture of anions, which includes the fhioride anion, may optionally then be concentrated. 
Finally, sulfuric acid is added to the concentrate and the resulting solution is distilled to generate an ultrapure 
hydrofluoric acid. 

This process is useful with all fluoride waste streams commonly used in the semiconductor manufacturing 
35 industry. It provides an ultrapure hydrofhioric acid, improves the total recovery of fluoride from the waste streams, 
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and reduces toxic fhioride waste residues from distillation. Moreover, fluoride removal by ion exchange allows 
compfiance with all anticipated waste discharge regulations, as fluoride can be removed to well below 5 ppm. 

Other volatile acids such as nitric acid and acetic acid^ commonly used in semiconductor manufacturing 
processes, may also be present with the fluoride. Mixed acid solutions and solutions containing buffered oxide 

5 etcbant are equally Ueatable. Depending on the distiliation parameters and economic considerations, other volatile 
acids such as nitric acid and acetic acid may also be recovered by distillation. 

In the pH adjustment step, the waste solution is preferably treated with ammonia to briiq the pH to 
between pH 7 and pH 10, most preferably to between pH 8 and pH 9. This will cause fluorosiiicates to decompose 
to silicon dioxide (SiOj) coUoids, and free fluoride ion. Careful pH control is important for optimum results, because 

10 if the pH is too low, incomplete fhiorosScate decomposition wifl occur, if the pH is above pH 10, silicon dioxide 
becomes rapidly converted to soluble sicates, SIO^ , which can be adsorbed on the ion exchange resin. 

There is an additional advantage to adjusting the pH prior to any further treatment. Semiconductor 
processing solutions contain low levels of many metal ions. Some, such as sodium, potassium, and lithium do not 
form complexes with dissohred fhioride and thus are not affected by the pH adjustment, nor do they absorb on an 

15 anion exchange resin column. Most other metals react with fluoride to form complex metal fhiorides, including those 
of iron, ahiminum, copper, titanium, nickel zinc, and the platinum metals, which may be absortied on anion ion 
exchange resins. These impurities can be substantially reduced or eOminated by pH adjustment to pH 7-10, then 
allowing sufficient time for base hydrolysis of the fluoride complexes. Filtration may be used to remove precipitates 
of the resulting metal oxides or hydroxides. The use of ammonia for pH adjustment gWes an additional advantage 

20 smce most of the metals which form fluoride complexes also form complexes with ammonium ions. Thus free 
ammonium ion from the pH adjustment step can produce a competing reaction to form soluble catbnic metal 
complexes. These cationic complexes will not be adsorbed by a strong base ion exchange column. The use of both 
ammonium and hydroxide ions in combination is especially beneficial for treatment of semiconductor waste waters 
and waste process streams, since the composition of the mixture can vary widely and randomly. The general process 

25 for decomposition of the metal fluorides is illustrated for ferrous (Fe^M ion: 
FeF*'- + 2DH - FelOHl^ (insoluble) + 4F 
FeF,' + 2NH/ - HifiW^V' (soluble) + 4F 
The purified fluoride waste streams which are now largely free of dissohred metals and silicon can be distilled to 
ultrapure hydrofluoric acid suitable for semiconductor use. 

30 A variety of strong or weak bases can be used to adjust the pH of the fhioride containing waste water. 

The most preferred alkaline material is ammonia or aqueous ammonium hydroxide due to its ease of control of the 
final pH, and its ability to form complexes or cause metal oxide/hydroxide precipitates. Other suitable materials 
include sodium hydroxide, potassium hydroxide, sodium carbonate, potassium carbonate, and strong organic bases 
such as choline base and tetramethylammonium hydroxide. If the waste solution is too alkaline, ammonium 

35 bicarbonate is preferred for pH adjustment. Sodium or potassium bicarbonate, carbon dioxide, or sulfuric acid may 
also be used. 
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After pH adjustment, the silicon dioxide may form precipitates if the initial fluorosilicic acid concentration 
is high. Preferably, these precipitates are filtered and removed before the solution is passed through the anion 
exchange resin, to prevent clogging. If the fluorosilicate ion is below about 100-200 ppm, no visible precipitation 
normally occurs, and the sOicon dioxide will remain as a non-filterable colloidai suspension or as dissohrad siBcic acid. 
5 In that case, the colloidal particles readily pass though an ion exchange resin column so no sBca is found in the 
strippmg solution. Furthermore, dissohred siicic acid passes through a type 2 strong base anion exchange resin 
without adsorption, thus effecting its separation from the adsorbed fluoride. 

After pH adjustment end, optionally, filtration, the solution is then passed through an anion exchange 
column. Any Type 2 strong base anion exchange cohimn may be adapted to work in the process, such as 

ID AMBERUTE IRA 410 (Rohm & Bees Corp, Phlledelphie, Pa). Separately, the strong base anion exchange resin has 
been treated with a sohition of potassium hydroxide sohition to remove all anions and convert it into the of fecthre 
hydroxide form, and is then rinsed until all free alkali is removed. The hydroxkle stripping solution is preferably 2- 
20% by we'^ht more preferably 5-15% by weight, and most preferably 7-10% by weight. Ruorides. nitrates, and 
other anions (but not dissohred sffica) are adsorbed by the conditioned resin. The hydroxide ions are released by the 

15 km exchange resin m equrnielar amounts. Because of the large amount of ammonium ions present from preexisting 
processes and from the initial pH adjustment, the releesed hydroxide ions combine with emmonium ions to form 
ammonium hydroxMe. The point at which the ion exchange column is exhausted of its effecfnre ion exchange 
capacity can easily be monitored by checking the effbent pH or electrual conducthftty. When the pH returns to its 
incoming vehie, no more hydroxide is available for release. Likewise, the electrical conducthrity of ammonium fluoride 

20 is greater than that of ammonium hydroxide, so an increase in electrkal conducthrity also signals exheustion of the 
ton exchange column. In a preferred embodiment, the pH is monitored with a sharp decrease showing exhaustion 
of the ion exchange resin. 

The exhausted, fhioride and other anion loaded km exchange resin is then stripped to remove the fhioride 
Kins and other anions. The »n exchange resin may be stripped with either strong acid or strong base. In a preferred 

25 embodiment, the resin is stripped with a 1M5% potassium hydroxide solution. Advantageously, stripping with a 
strong base such as potassium hydroxide also simultaneously regenerates the resin for further use. By using 
stringent controls on the volume of the stripping solution and by using countercurrent continuous extraction such as 
disclosed by Advanced Separation Technologies, Inc. in U.S. 4,898,317 and U.S. 4,764,276, full stripping may be 
effected by use of no more than one vohmie of stripping solution per volume of ion exchange resin. By using this 

30 method, as much as 10,000 gal. of waste water may be reduced to about 4DD gal. of potasshim hydroxide sohition 
containing about 150 g/l of potassium fluoride and about 25 gfl of potassnim nitrate, asswning typical semiconductor 
waste concentrations. This ghfes a concentration factor of approxknatety twenty-five times. 

The resuhmg alkaline solution may then be easily concentrated to any desired extent* up to complete 
dryness, without loss of any volatile fluoride due to its alkaline nature. The concentration may be done by any 

35 standard technique, including forced air evaporative spraying at room temperature or with heating, distillation, or 
simple bailing. In one preferred process, forced air evaporative spraying is used. This distillation/concentration step 



wo 98/10851 PCr/US97/15765 

8- 

also serves to remove substsntiany all low boiling point contaminantSr such as residual ammonia and highly volatile 
organic materials. The resultant partially purified concentrate or solid is mixed with concentrated sulfuric acid and 
distilled in one or more distillation columns to ghfe ultrapure hydrofhjoric ecid. 

The eiact size and operating conditions of the distillation columns are a function of the desired product 

5 purity and the throughput rate. One skilled in the art can design the appropriate distillation apparatus, using 
compatible materials of construction, such as Teflon, and appropriate design tools. The operetion of the column is 
then carried out to design guideGnes. The presently preferred distiBatien cohimn holds 400 gallons and can evaporate 
the feed Squid to substantiaDy dry condition in 12 hours. After drybig, concentrated sulfuric acid is fed into the 
column. HF and Nitric acid are distilled overiiead, coBected and fed nito a second distSlation apparatus which can 

10 hold approxbnately 26 gallons. For this embodiment the rate of production of the second distHation apparatus is 
approximately 3 galtons per hour of pure HF. This second distillation apparatus is sized appropriately and constructed 
of compatible materials, Tef hm being the preferred choice. 

Any desored concentration of hydrofluoric acid, from anhydrous, to a 49 wt % to 35.6 wt % azeotrope, 
to lower concentrations, may be obteined by appropriate adjustment of parameters such as the dryness of the 

15 concentrated salts and the concentration of the sulfuric acid. Nitric acid will also distiO from this mixture, but will 
do so at a higher tempereture than hydrofhioric acid so the mixtures are easily separated. In the preferred 
embodiment, the distiDation residue after HF removal consists of a mixture of potassium sulfate, potassium bisuKate, 
sulfuric acid, nitric acid, and less than a few hundred ppm of residual fluoride. The HF is easily separated from the 
nitric acid, as anhydrous HF boBs at 20*^0 and anhydrous HNO, at 83''C. If an aqueous solution of salts is the 

20 starting material or if more dilute sulfuric acid is used, the distiate wffl consist of aqueous mixtures of the acids. 
The aqueous mixtures are also easily separated, as the boiring point of the HF azeotrope is III^C and the nitric acid 
azeotropeis 120''C. 

In a preferred embodiment of this invention, substantially anhydrous HF is distiBed off the sulfuric acid and 
nitric acid residues to produce ultrapure HF. Uhrapure HF is defined as HF having all metals below 1 ppb, all anions 
25 each below 10 ppb, including fluorosilicate anion, and total organic contaminants below 100 ppb, preferably below 
10 ppb. 

The following examples are iDustrathre of certain embodiments of the present invention, and are not intended 
to be limiting: 

EXAMPLE I 

30 lONAC ASB-1® strong base ion exchange resin (available from Sybron Chemicals, Inc.) was used to remove 

fluoride ions from a simulated waste water. 520 grams of ion exchange resin was slurried in water and placed in 
a plastic separation column. The resin was in the chloride form. It was converted to the hydroxide form by 
treatment with three 500 ml portions of 5% (weight) sodium hydroxide. The resin was then rinsed with high purity 
deionized water until the effluent was approximately pH 6. 

35 Simulated waste water was prepared by mixing 300 ml of 49% hydrofluoric acid with 500 ml of 30% 

ammonium hydroxide m one liter of water. The solution was then diluted to approximately 15 liters and excess 
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hydrofluoric add added to a final pH of about 5.5. Analysis with a fluoride specific electrode gave 13 grems of 
fluoride per liter. 

The waste water was slowly passed over the resin, while monitoring the pH of the effluent weter. The 
effluoit was approximately pH 5 until the first volume of Ueated waste water began to exit the cohimn. The pH 
5 abruptly changed to pH 1 1-12. (This effluent was separated and saved for use in Example IL) This showed that 
the hydrofluoric acid and the ammonium fluoride in the waste water was converted to water and ammonium 
hydroxide, white the fluoride was retamed on the ion exchenge resin. A sampte was taken for fluoride analysis, 
showing less than 20 ppm of fluoride in the effluent. 

The waste water flow was alowed to continue until the pH dropped to about 7-8. thus mdicating the 
10 beginning of breakthrough. The effhient had about 4.75 g/l fluoride, showing that the resin had become saturated. 
The resin was then rinsed with water. 

The fluoride laden resin was stripped with a sokition of 5% (weight) sulfuric acid. As soon as the effluent 
pH deaeased from approximately pH 6 to less than pH 3. large amounts of fkjoride begen to be detected. At pH 
< 1, the sulfuric acid solution contained more than 3D g/l of fluoride. This solutkm was suitebte for distillation to 
IS produce ultrapure hydrofluoric acid. 

EXAMPLE n 

The process of Example I was repeated using the same waste water but with a different ion exchange 
resin. Prior to passage through AMBERLITE IRA400 Type 2 strong base resin (Rohm & Haas Corp.. Philadelphia, 
PA), a one liter sample of the waste water was adjusted to pH 8.5-9 using ditate ammonium hydroxide. The waste 

20 weter was allowed to stand for one hour, then processed through the strong base resin as above. The resin 
extracted the fhioride from greater than 12 bed volumes of waste water whie maintaining the ftooride in the efftaent 
to an average of less than 5 ppm. The resin was then stripped with less than one bed vohmie of 12% potassium 
hydroxide solution. The fluoride content was >45 g/l, equivalent to > 140 g/l as potassium fluoride. The stripping 
solution was acidified with sulfuric acid to give a solution suitable for distOlation of ultrapure hydrofluoric acid. 

25 EXAMPLE III 

The process of Example II was repeated, using a waste water containing both fluoride and nitrate ions. 
The simulated waste water consisted of 2 g/l fhioride as hydrofluoric acid, and 0.6 gll nitrate, as nitric acid. 100 
ppm of fhioroslBcic acid was added. The solution was adjusted to pH 8.5 with dilute ammonium hydroxide sohition 
to decompose the fhiorosiRcic acid before processing. More than 12 bed volumes of ml of waste water was 

30 processed through the column while maintainmg an average of less than 5 ppm of fluoride m the effluent. The resin 
was stripped with less than one bed volume of 12% potassium hydroxide solution, to gwe an alkafme solution 
containing greater than 40 g/l fluoride (equivalent to > 140 g/l as potassium fluoride) and 8.6 g/l nitrate (equhralent 
to > 14 g/l as potassium nitrate), with no detectable silicon. 

EXAMPLE IV 

35 Two test sohitions of fluorosificic acid were prepared, et 500 and at 5000 ppm concentrations. The exact 

composition is shown in Table I. 
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TEST SDLUTiUNo 


MIA 1 unc H 


MIXTURE B 


01 WATER 


louo ml 


ml nf Mivtiira A 
aUu ml Dl IVIiXlUrB A 


48% HF 


100 ml 




30% NH«OH 


135 mi 




25% H^iFe 


18 ml 


7.3 ml 


HjSiF, CONTENT 


500 ppm 


5000 ppm 



The pH of a 50 ml sample of each was adjusted with 30% ammonium hydroxide to pH B.5-9.0. They were 
sirred for 30 minutes, then filtered through an 0.2 micron fluorocarbon filter. 

10 The 5000 ppm concentration solution rapidly formed a white geMike precipitate which easily settled and 

was fQtered from sohition. Some samples additionally were treated with either anionic or cationic commercial organic 
f loccuiating agents. The 500 ppm concentration sohition formed no visible precipitate. Both solutions were analyzed 
for residual soluble or colloidal sifica. Table II shows the results. The residual solubility of 200-250 ppm of SiO, 
in water of pH B-9 is consistent with literature data on the solubility of dissoh^ed or coDoKial silica. The data show 

15 no effect due to fluoride mediated solubnity, proving that the fluorosilicic acid is completely decomposed. Dissohred 
and colloidal forms of silica are retained poorly on many strong base ion exchange resins. 



1 TEST SOLUTIONS 


MIXTURE A: 


MIXTURE B: 




ppm as SiO, 


ppm as SiO; 


UNTREATED;pH 4.0 


270 


2328 


pH 8.5-8.6; no floccutent 


227 


not done 


pH 8.6-9; cationic floccutent 


210 


203 


pH 8.6-9; anionic floccahnt 


233 


259 



EXAMPLE V 

Referring to Figures 1 and 2, there is iBustrated in schematic form an apparatus useful for practicing the 
25 present invention. Fluoride containing waste water flowing from a semiconductor plant passes through a common 
drain to inlet 20 and is introduced mto a 5,ODD-gallon holding tank 10 with a recffculating mixer 30. The pH is 
automatically adjusted to pH 8 ± O.B using a solution of ammonium hydroxide 40 which is removed from tank 42 
through line 44 by the action of metering pump 50. Pump 50 dispenses the appropriate amount of hydroxide solution 
into tank 10 through line 46. Pump 50 has a pH controlling feedback loop 60, which comprises a pH sensor 62 
30 positioned within tank 10, and a control line 64 which sends a signal to pump 50 to activate pump 50 when sensor 
62 detects a predetermined pH within tank 10. In one embodiment, the feedback loop is computer controlled. 

Overflow from holding tank 10 is removed through outlet 65 by the action of pump 70. The overflow then 
passes through a filter 80, which is preferably a 10 micron filter, to remove large particles. The filtered liquid enters 
column inlet line 82, and is mtroduced into an ion-exchange column 90 contammg a Type B strong base (anion) 
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exchange resin, such as Rohm & Haas IRA 410. This resin removes the fhioride ion from the sohjtion. The Type 
B resin of cohaim 10 is pretreated with a 12-15% solution of potassmm hydroxide sohjtion 122 to remove all 
contaminating anions and convert the resin into the hydroxide form. The hydroxide form of the resin gives the most 
efficient fluoride removal After this pretreatraent, the Type B resin is rinsed untB aO free alkafi is removed. The 

5 resin is then ready to remove the f hiaride and nitrate anions. 

After cohmin 90 has been used to purify fluoride ion, the exhausted, fluoride and nitrate loaded ion 
exchange resin of cehinm 80 is simuhaneously stripped and the resin regenerated, with a 12-15% sohition of 
potassium hydroxWe 122, which is pumped from tank 120 through line 142 by pump 1 10. Countercurrent continuous 
extraction may also be used to get no more than one vohime of ion exchange resin as stripping solutbn. 

10 In this example, an initial 10,000 galtans of waste water may be reduced to about 400 gal. of potassium 

hydroxide sohition contaming about ISO g/l of potassium fluoride and about 25 g/l of potasshmi nitrate. 

The aUcafine sohition is removed from cohimn 90 through outlet line 130 and is introduced into a distillation 
cohimn 145. hi distillation column 145, the sohition may be concentrated to neariy conqitote dryness by the 
evaporation of most of the water in distillation column 145. The distillation purifies the sohition of low volatKty 

15 contaminants, such as water, ammonia or organics. The low volatity materials removed in this manner may then 
be sent to exhaust 160 and eventualy to a scrubber for environmenteOy-safe removal 

The resultant soBd in cohimn 145 is then mixed with a concentrated sulfuric add sohition 170. Sulfuric 
acid sohition 170 Is maintained withm acid tank 172, and is dispensed to column 145 as needed by pump 180. 
After introduction of sulfuric acul sohition 170 into cohimn 145, a second distiBation of the resulting sohition is 

20 performed. 

In this example, efter distillation of the 400 gal of sohition, the dried soEd consists of about 225 kg of 
potassium fluoride, 38 kg of potassium nitrate, and 20 kg of potassium hydroxide. An amoum of acM in excess over 
the stoichiometric amount, namely 275 liters of 96% sulfuric acid is then preferabhf mixed with the 285 kg of dried 
soGds. 

25 The acid gas mixture from the second distillation is channeled through fine 148 to condenser 150, then fed 

through line 190 into a second distillation column 210. By first being passed through distillation cohimn 145, the 
acid gas mixture is separated from afl of the high boiling pomt contammants such as metals and particles. The 
metals which must be removed may include alkali metals such as sodium and potasshim, alkaline earth metals such 
as calcium and magnesium, all transition metals, and all rare earth elements. In general abnost any metal ion is 

30 undesirable in ultrapure HF which is to be used for semiconductor manufacturing. Current altowable limits are in the 
range of one part per billion for any one metal and ten ppb for the total of all contained metals. 

The next distillation step, through column 210, recycles and purifies HF from the distillate of coUimn 145. 
Nitric acid and hydrofluoric ach) form simultaneously in the initial mixture of sulfuric acid and dry solids, but the two 
acids boil at different temperatures. Nitric acid is a higher boiling point acid, so distillation cohimn 210 can 

35 efficiently separate it from hydrofluoric acid. The two components are easily separated, as anhydrous HF boils at 
20'C and anhydrous HNOj at 83°C. The ultrapure hydrofhioric acid exits column 210 through fine 225. and enters 
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condenser 220, where it cools end condenses to form a liquid. The ultrapure hydrofluoric acid then passes through 
line 240 into pure acid tank 260, to form a reservoir 250 of ultrapure hydrofluoric acid for reuse. The higher boiling 
nitric acid is bft in the column pot bottom 210. 

In the example discussed previously, a total of about 77 kg of ultrapure HF as substantially anhydrous acid 
5 may be distflled from the mixture and collected in pure acid tank 260. Any noncondensibie gases are fed into the 
waste gas scrubber system 230. About 23 kg of HNO3 as anhydrous acid will remain *m the pot bottom. The 
anhydrous ultrapure HF can easily be reconstituted to any desred strength of aqueous acid, or reacted with ammonia 
and water or ammonium hydroxide to ghre buffered oxide etchants. 

Although the present invention has been described in the context of certain preferred embodiments, it is 
10 intended that the scope of the present invention be eiterpreted with reference to the full scope of the claims that 
foOow, together with aO lawful equhralents. 
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WHAT IS CLArMED IS : 

I. A method for the removal and purification of substantially all of the fluoride ions contained in a 
solution containing greater than 10 parts per million fluoride ion, a mixture of other anions, sIGcon in the form of 
a fluDrosificic acid, silicic acid, sificates, or silicon tetrafluoride, and optionally also containing complex metal fluorides, 

5 to produce an ultrapure hydrofhioric acid, comprising the steps of: 

(a) adjusting the pH of the sohitton to an alkaline pH to bydrolyze the f loorosiEcic acid and 
any complex metal fluorhles: 

(b) removing the fluoride ions and other anions from the solution by passing the solution 
through an ion exchange resin, where the ion exchange reset is adapted to adsorb substantially all of the 

10 fluoride passed over the ion exchange resin; 

id displacing the fluoride ions and other anions bound to the ton exchange resin, thereby 
forming a mhture of anions in an effluent emanating from resin; and 

(d) distilPing the mixture of anions in the effhient from a sulfuric acid solution to generate 
the ultrapure hydrofluoric acid. 
15 1 The method of Claim 1, wherein the ion exchange resin is a Type 2 strong base resin. 

3. The method of Claim 1, further conqiris'mg the step of rdtermg the sohition after the pH 
adjustment step (a) to remove particulate matter from the solution. 

4. The method of Claim 1, wherein step (a) comprises adjusting the pH of the solution to between 
and pH 10. 

5. The method of Claim 1, wherein step (a) comprises adjusting the pH of the solution to between 
and pH 9. 

6. The method of Claim 1, wherein step (a) comprises treating the sohition with ammonium hydroxide. 

7. The method of Claim 1, wherein step (a) comprises mtroducmg ammonia gas mto the sohition. 

8. The method of Claim 1, wherein step (a) comprises treating the solution with a metal aUcafine salt. 

9. The method of Claim 1, wherein step (a) comprises treating the sohition with en organic amine. 

10. The method of Claen 1, wherein step (a) comprises treating the waste water solution with an 
alkaHne earth metal salt. 

II. The method of Claim 1, wherein step (a) comprises treating the solution with an alkaiine metal 
bicarbonate. 

30 12. The method of Claim 1, wherein step (a) comprises treating the solution with ammonium 

bicarbonate. 

13. The method of Claim 1, wherein step (c) is performed by passing a base through the column. 

14. The method of Claim 13, further comprising the step between steps (c) and (d) of concentrating 
the mixture of anions in the effluent by removing the water from the effhient. 

35 15. The method of Claim 14, wherein the concentrating step is performed by forced air evaporative 

spraying. 
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16. The method of Claim 14, wherein the concentrating step is performed by distaiation. 

17. The method of Claim 14, further comprising the step of adding sulfuric acid to the concentrated 

mixture of anions before step (d). 

18. The method of Claen 1, wherein step |c) is performed by passing an acid through the column. 

5 19. The method of Claim 1, further comprising the step of monitoring the solution passing through the 

column in step (b) to determine when fluoride ionic breakthrough occurs. 

20. The method of Claim 1 1, wherein said monitoring step comprises monitoring the pH of the solution. 

21. The method of Claim 17, wherein said monitoring step comprises monitoring the conducthrity of 
the sohition. 

10 22. The method of Claim 1, wherein the resulting ultra-pure hydrofhioric acid has total organic 

contaminants less than 100 ppb, no more than 1 ppb of any specific metal, and no more than 10 ppb of any specific 
anion, including fluorosilicate anion. 

23. The method of Claim 22. wherein the resuhing ultra-pure hydrofluoric acid has total organic 

contaminants less than 10 ppb. 
15 24. An apparatus for the removal and purification of substantially all of the fluoride ions contained 

in a solution containing greater than 10 parts per milion (ppm) fluoride ion, a mixture of other anions, sificon in the 
form of a fiuorosirRic acid. siBcic acidr silicates, or sfficon tetrafhioride, and also containing complex metal fluorides, 
to produce an ultrapure hydrofluoric acid, comprising: 

a receptacle for receding the fluoride ion-containing solution; 
20 an inlet on the receptacle for adding a base to the receptacle to increase the pH of the sohition 

thereby hydrolyzing fhiorosilicic acid and the complex metal fluorides therein, and an outlet on the receptacle 
for removing the sohition; 

an ion exchange cohimn having an inlet and an outlet, the column inlet connected to the receptacle 
outlet so that the solution may be transferred from the receptacle to the column, the column further having 
25 an ion exchange resin adapted to adsorb fluoride ion from the sohition; 

a first distillation column connected to the ion exchange column outlet, such that the first 
distillation cohimn may receive the solution passing through the ion exchange cohimn; and 

a second distillation column connected to the first distillation column so as to recehre a first 
distiUate from the first distillation apparatus, the second distillation apparatus adapted to produce an 
30 ultrapure hydrofluoric acid distillate by distillation of the first distillate through the second distillation 

column. 

25. The apparatus of Claim 24, further comprising a filter inserted between the solution flowing from 
the receptacle to the ion exchange column. 

26. The apparatus of Claim 24, further comprising a pH controlling feedback loop to control the pH 
35 within the receptacle, the feedback loop operating by controlling the introduction of the base into the receptacle. 
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27. The apparatus of Claim 24, wherein the ion exchange column comprises a strong base anion 
exchange resin. 
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